ABSTRACT A hydraulic pipe is a basic component of the aero hydraulic system, while high pressure and high speed lead to the enhancement of multiple field coupling effects, such as the structure, fluid, heat, and sound of the aero hydraulic pipe. A larger elastic deformation of the pipe and the more common unsteady flow of fluid can aggravate the vibration and noise of the hydraulic pipe system. Based on the 14-equation model of fluid-structure-interaction (FSI) vibration of aero hydraulic pipe, a model suitable for a wide Reynolds number range is proposed by comparing and analyzing various kinds of friction coupling models. This model is used for the FSI dynamic behavior analysis of aero hydraulic pipes, which improves the accuracy of FSI frequency-domain solutions under high Reynolds number conditions. Second, based on the 14-equation model of FSI vibration of aero hydraulic pipe and the transfer matrix method, the mathematical model of airframe deformation load of an aero hydraulic pipe is established, and the evolution law of the FSI dynamic behavior of the aero hydraulic pipe under different airframe deformation loads is analyzed. All the above analysis results were verified by the experimental analysis. The error of the analysis results of the FSI vibration frequency is smaller than 5% compared with the experimental results. The results show that the proposed method is feasible and effective for predicting the hydrodynamic behavior of the aero hydraulic pipes under load conditions. INDEX TERMS Hydraulic systems, vibrations, pipelines, fluid-structure-interaction (FSI).
I. INTRODUCTION
A high power-to-weight ratio is the goal pursued by aero hydraulic systems, although such a goal can also be achieved from the optimization of control algorithms [1] , [2] , but the development of high speed and high pressure is providing a more effective way to reach this goal. The data in Table 1 show that the power-to-weight ratio of an aero hydraulic piston pump (AP20VM) is more than doubled by its high speed and high pressure compared with a conventional industrial piston pump (A10V45) [3] .
However, the increase in the engine-drive-pump (EDP) speed and pressure will also cause the ubiquitous unsteady flow inside the hydraulic pipe under high Reynolds numbers, and the problem of FSI vibration with the wide frequency domain and high amplitude hydraulic pipe is increasingly prominent. According to statistics, the failure of hydraulic and fuel pipelines accounts for 50 to 60% of the faults of aircraft components. The French Airbus A380 and the US Boeing B787 have experienced accidents caused by pipe vibration. Therefore, it is necessary to conduct in-depth research on the FSI vibration of aero hydraulic pipes.
The study on the FSI vibration model of hydraulic pipe begins with Joukowsky's classical water hammer theory. After Skalak's 4-equation model [4] , Walker's 6-equation model [5] , and Davidson's 8-equation model [6] , the mature Wiggert's 14-equation model was developed [7] . On this basis, Tentarelli, Keramat, Kutin, Maekawa, etc. [8] , [9] enriched and perfected the FSI vibration model of pipe. Zhang et al. [10] expounded the method of solving the 4-equation model of FSI vibration in the frequency domain in detail. Liu and Li [11] analyzed the FSI vibration of pipes with different supporting conditions and proposed a 14-equation model of the FSI vibration of pipes based on elastic supporting conditions. Ouyang et al. [12] established the 8-equation model of bending pipes. In his analysis, the influence of the curvature of a bending pipe on the natural frequency of the pipe was analyzed in detail. Xu et al. [13] considered the influence of different constraints in modeling and solving for different types of pipe.
However, most of the above research neglects the effect of friction coupling, and the analysis results only indicate that the methods have good precision in the steady flow state of low Reynolds numbers. With the development of high-speed and high-pressure aero hydraulic systems, the Reynolds number of oil in aero hydraulic pipes has also continuously increased. Taking the aircraft COMAC ARJ21-700 as an example, more than 21% of the more than 800 hydraulic lines in the whole plane contain unstable flow with Reynolds numbers greater than 2320. The effect of friction coupling on the FSI vibration response of the pipe cannot be ignored.
At present, the study of friction coupling mainly focuses on the establishment, modification and solution of a fluid shear stress model. Among them, the steady-state fluid shear stress model applicable to the stable laminar flow state can be quite simply derived from the Newton internal friction formula. On this basis, Zielke [14] considered the influence of historical flow velocity information on the current flow state and obtained a nonconstant weighted function fluid shear stress model according to the N-S equation. The model achieved good solution accuracy under the steady flow state of low Reynolds numbers. Trikha [15] simplified the weighting function in the Zielke model and obtained an approximate result with high precision. Vardy and Brown [16] revised the original model to solve the problem that the first term of the weighting function in the Zielke model easily caused a cumulative error, which improved the calculation speed and accuracy. Depending on the unsteady velocity and local instantaneous acceleration, Daily et al. [17] proposed the unsteady empirical formula-based fluid shear stress model. On this basis, Brunone et al. [18] considered the influence of the instantaneous local acceleration ∂V /∂t and convective acceleration ∂V /∂x on the fluid shear stress and obtained the classical Brunone model. Zhang et al. [10] proposed an analytical model for the frequency response of high-precision liquid-filled pipes considering friction coupling, Poisson coupling and jointed junction coupling, and achieved high precision. Zongxia et al. [19] studied the expression of the friction model in the 14-equation model. It was found that the friction coupling had no significant effect on the natural frequency of the pipe. The above research work has achieved outstanding results in the establishment, modification and solution of the friction model, but the application of the friction model in the analysis of complex pipes continues to be lacking.
Although the FSI vibration model and the friction coupling effect of hydraulic pipes have been comprehensively studied by a large number of researchers and fruitful research results have been achieved, there are still some deficiencies in the analysis of the friction coupling model's application to actual pipes in a wide Reynolds number range and the analysis of the FSI dynamics evolution law of complex pipes under real load conditions. In this regard, this paper contributes by:
(1) Using the frequency domain method proposed by Zhang et al. [10] , a 14-equation model for bending pipes considering Poisson coupling and friction coupling is established. A new friction coupling model suitable for a wide range of Reynolds numbers is proposed after discussing the applicable range of the various friction coupling models.
(2) The free mode of a hydraulic pipe that is installed through the wing span is analyzed.
(3) The effect of friction coupling on the FSI dynamics of the pipe is studied.
(4) When the transfer matrix method (TMM) is used to solve the FSI vibration response of the pipe, the airframe deformation load is introduced in the boundary constraint condition innovatively, and the influence of the airframe deformation load on the FSI vibration response of the pipe is analyzed.
(5) Two experimental studies are carried out. One is the free mode analysis of the aero hydraulic pipe. The other is the fluid-coupling vibration response of the aero hydraulic pipe under the airframe deformation load.
II. FSI VIBRATION MODEL OF HYDRAULIC PIPE A. FSI VIBRATION 14-EQUATION MODEL OF HYDRAULIC PIPE
The FSI vibration 14-equation model of hydraulic pipe describes the transient dynamic behavior of the fluid in the pipe and the three-dimensional dynamic behavior of the pipe. Through the data exchange of parameters between the equations, the coupling between the fluid and dynamic behavior of the pipe is realized. Fig. 1 shows the 14-equation model of the bending pipe, which consists of two fluid equations and three sets of 12 pipe equations. The model is based on the following basic assumptions: 1) The wavelength is much larger than the pipe diameter. 2) The wave velocity is much greater than the fluid velocity. 3) A low Mach number. 4) No liquid column separation or cavitation in the flow. 5) The pipe and fluid follow the linear elastic rule. 6) The radial inertia of the fluid and pipe is ignored.
1) AXIAL DYNAMIC MODEL
The axial dynamic model includes two parts: the water hammer equation (Eq. 1 and Eq. 2) describes the fluid transient behavior, and the axial dynamic equilibrium equation describes the transient behavior of the pipe.
The model describes the bending vibration of the elbow microelements in the y-z transverse by force and moment balance.
The model describes the bending vibration of the elbow microelement in the x-z transverse by force and moment balance.
4) TORSION DYNAMICS MODEL
The model describes the torsional vibration of the elbow microelement around the z-axis through the axial torque balance and the relationship between the rotation angle and the torque.
The parameters in the above equations are as follows. 
Ee ff-elastic correction factor, ff = 1.65r 2 /eR
B. FRICTION COUPLING MODEL
The friction coupling of hydraulic pipe shows the influence of the shear stress generated by fluid flow on the dynamic behavior of structure coupling. Friction coupling occurs in the FSI 14-equation model of hydraulic pipe in the form of an additional term of the N-S equation (Eq. 1).
For a Newtonian fluid in a defined equal diameter pipe, the frictional coupling is only related to the fluid shear stress τ 0. Therefore, the discussion of the friction model will be developed around the fluid shear stress model under different flow conditions.
1) STEADY-STATE FLUID SHEAR STRESS
The steady-state fluid shear stress in the pipe could be obtained by the laminar velocity distribution law in the circular tube and Newton's friction law. Fig. 2 shows the fully developed laminar flow velocity and fluid shear stress distribution in circular tubes.
The velocity distribution in the tube's internal laminar flow is shown as Eq. (16) .
The parameters in the above equation are as follows. According to Newton's law of friction, the fluid shear stress τ is obtained as follows.
The fluid shear stress is linearly distributed with r, as shown in Fig. 2 , which is zero at the tube axis and largest at the tube inner wall. The maximum value is below.
The steady-state friction model is considered that the velocity is only linearly distributed along the pipe path, so it is only suitable for the state of one-dimensional, laminar and steady flow.
2) UNSTEADY-STATE FLUID SHEAR STRESS
When the Reynolds number inside the pipe is higher than the upper critical Reynolds number (Re > 2320), the phenomenon of unsteady flow in the pipe is very common. The steady-state fluid shear stress model should be corrected by the unsteady-state fluid shear stress model.
There are two kinds of unsteady fluid shear stress models, namely, the quasi-steady state model for describing unsteady flow with the quasi-steady state hypothesis and the unsteady state model for describing unsteady flow with the unsteady state hypothesis.
The quasi-steady state model is based on the assumption of a ''quasi-steady state'', and it is considered that the fluid shear stress during the unsteady flow is approximately equal to the fluidic force in steady flow. The quasi-steady state model at low Reynolds numbers is the steady-state fluid shear stress model. Under the condition of a high Reynolds number, the most classical method is to divide the turbulent flow region into a hydraulic smooth region, a mixed friction region and a hydraulic rough region according to the Reynolds number and then calculate using the Blasius formula, Isayev formula and Nikuradse formula, respectively [20] . The timevarying velocity gradient of fluid in unsteady flow will lead to a large error in the calculation results of the quasi-steady-state model for high Reynolds numbers, which tends to be eliminated in practical applications.
The unsteady-state model also contains two types of models [21] . One is one-dimensional modal, and the other type consists of two-dimensional unsteady models. The onedimensional unsteady-state friction model has three typical forms according to its different principles.
i. The model based on instantaneous acceleration The typical fluid shear stress model based on instantaneous acceleration was proposed by Brunone. Based on the Daily model, he considered the average flow velocity V , instantaneous acceleration ∂V /∂t, and convective acceleration ∂V /∂z in the effect of fluidic shear stress. The model under the condition of a high Reynolds number has good accuracy, which is still widely used. The model is shown in Eq. (19) .
In the formula, τ s is the steady-state fluid shear stress, τ wt is the additional fluid shear stress in the process of unsteady flow, k 3 is the Brunone friction coefficient, and α is the water hammer wave speed. When considering the wall elasticity, the water hammer wave speed can be expressed as Eq. (21).
The Brunone model considers the effect of convective acceleration on the fluid shear stress and introduces the water hammer wave speed into the model, which could provide a good analysis on friction coupling under high Reynolds number conditions.
ii. The weighted function model considering the influence of the historical flow regime on the current flow regime
Starting from the N-S equation, Zielke introduced the influence of the historical flow regime on the current flow regime through the weighted function in the shear stress equation and obtained the typical formula of fluid shear stress as follows.
where τ s is the steady-state fluid shear stress, τ zt is the additional fluid shear stress in the process of unsteady flow, and W is the weighted function of dimensionless time, which reflects the influence of the historical flow on the current fluid shear stress. The Zielke model integrates and weights the local velocity history information to obtain the current velocity information. The weighting function is related to the calculation frequency, and the calculation precision is higher in laminar flow. However, the velocity distribution in the flow direction under a high Reynolds number (∂V /∂z) is not considered in the model. Therefore, the model is generally only used for analyzing the conditions of laminar flow and turbulence at low Reynolds numbers.
iii. A model derived directly from irreversible thermodynamics The irreversible thermodynamic model is limited by the acquisition of empirical parameters, and its application has been greatly restricted. The two-dimensional unsteady friction model is not as practical as the one-dimensional unsteady friction model because of the large amount of calculation work and poor universality.
3) CORRECTION OF THE FLUID SHEAR STRESS MODEL WITHIN A WIDE RANGE OF REYNOLDS NUMBER
Because the steady-state fluid shear stress model is only applicable to one-dimensional, laminar, and steady flow states, the two typical unsteady-state fluid shear stress models are limited by the applicable Reynolds number range. In addition, they cannot meet the needs of friction coupling analysis in a wide range of Reynolds numbers. Based on this, a steady-state model for steady flow, a Zielke model for the unsteady flow state at a low Reynolds number, and a Brunone model for the unsteady flow state at a high Reynolds number are combined to form a new fluid shear stress model. The expression is shown as Eq. (23).
In the formula, a is the selection coefficient; when Re > 2320, a = 0 and when Re < 2320, a = 1.
III. TRANSFER MATRIX METHOD FOR FSI VIBRATION OF HYDRAULIC PIPE
For the frequency domain solution of the FSI 14-equation model of a single pipe, the partial differential equation needs to be written into the form of the following general formula, which is as follows.
In the formula, is the variable vector at any position in the pipe, including the fluid flow rate and pressure. Its specific form is shown in Eq. (25).
A, B and C are 14-order matrices, which represent the coefficients of time and space and the damping coefficients or friction coefficients of each variable, respectively. Vector r(z, t) represents the external excitation in the environment.
The Laplace transform of the above general formula is written as follows.
The substitution of Eq. (27) 
In particular, (s) (s) must be a diagonal matrix, and the element in (s) (s) is the eigenvalue of A * −1 (s) B. That is:
In Eq. (31), S(s) is the eigenvector matrix of A * −1 (s)B.
The general solution of formula (28) is as follows.
In the formula,η 0 (s) is a constant term that does not vary with z.
For the pipe system, the excitation form is basically centralized excitation, such as a valve opening and closing, mechanical vibration at the support, and there is no spatially distributed excitation (i.e., distribution along the z-direction).
In the frequency domain analysis, the initial average value of each variable is only reflected at 0 Hz. Therefore, it could be that (z, 0
Combined with formula (26), it is further obtained that
At the beginning of the pipe, that is, z = 0, E(0, s) is the unit matrix. So:
The following relationship exists between the variable at an arbitrary position z of the pipe and the variable at the initial end z(z =0) of the pipe.
In the formula, M(z, s) is the field transfer matrix of the pipe.
To solve the variable at any position z of the pipe, it is still necessary to solve the variable value problem at the initial end z (z = 0) of the pipe.
For a single pipe with a length of L, the following boundary equations exist at both ends (z = 0, z = L). 
When the boundary conditions of a single pipe are known and the excitation is given, the variable at the initial position z (z = 0) can be obtained by Eq. (44), and then the system variable at any position z could also be obtained by Eq. (40).
IV. FSI VIBRATION ANALYSIS OF AERO HYDRAULIC PIPE
Due to the limitation of the structure of the aircraft, the aero hydraulic pipe has a complicated configuration and is mostly a space structure, as shown in Fig. 3 . In addition, in the full flight envelope, the aero hydraulic pipe will also undergo the superposition of five kinds of loads, including pressure, temperature, airframe deformation, vibration and acceleration, and the FSI dynamics mechanism will be more complicated.
In this section, a hydraulic pipe that is installed through the wing span (shown in Fig. 4) is taken as the research object, and the FSI vibration 14-equation dynamic model of the pipe is established. Then, the axial vibration velocity response at position O is solved by the transfer matrix method under different load conditions. The parameters of the pipe and the fluid are shown in Table 2 .
A. FREE MODAL ANALYSIS OF A LIQUID FILLED PIPE
When the aero hydraulic pipe is working, if the forced vibration frequency of the pipe under environmental excitation is close to the natural frequency of the pipe, it will cause severe resonance, which will easily induce failure of the pipe system. Therefore, the analysis of the natural vibration characteristics of the pipe and the acquisition of its natural frequency are of great significance to suppress the resonance failure of the pipe system. To maintain authenticity, when conducting free modal analysis on the pipe, both ends of the pipe are free, the pipe is filled with oil, and both ends of the pipe are sealed by a screw plug.
When a mechanical shock excitation Fr[1(t) − 1(t − T )] = 200 N is applied to the beginning of the pipe, the duration of the excitation is approximately T = 2 ms, and the impact direction is along the axial direction of the pipe. Then, the frequency domain excitation vector at the beginning of the pipe As shown in Fig. 5 , there were four resonance peaks in the frequency range from 0 to 2000 Hz, corresponding to the first four natural frequencies of 207, 474, 762 and 1169 Hz. The amplitude of the second formant was obviously smaller than that of other formants; that is, under the natural frequency corresponding to the second formant, the main vibration mode of the pipe was non-axial vibration.
B. INFLUENCE OF THE FRICTION TERM ON THE FSI DYNAMIC BEHAVIOR OF PIPE
It should be noted that the axial velocity response of the fluidstructure coupling vibration of the pipe is generally small without any external loads. To reduce the adverse effects of experimental measurement errors on the analysis results, the radial velocity response in the frequency domain is analyzed in this section.
Because the working pressure of the oil return pipe is usually approximately 7.0 MPa during normal flight, the oil pressure in the pipe was fixed at 6 MPa in this section. The system flow rate was adjusted, and the flow velocity in the pipe was set to 2 or 8 m/s, which corresponds to a Reynolds number 786.6 or 3164.4, respectively. The influence law of the friction term on the FSI dynamic behavior of the pipe is analyzed.
When the flow rate in the pipe was 2 m/s, the Reynolds number in the pipe was 786.6, the selection coefficient a = 1, and the radial velocity response of the pipe is as shown in Fig. 6 . As shown in Fig. 6 , the trend of the simulation curves was in agreement with the experimental curves, and the 14-equation model of the FSI vibration of pipes had good accuracy in solving the resonance frequency (with an average deviation of 2.8%). Under the condition of a low Reynolds number, the friction term had little effect on the results of the FSI dynamic behavior of the pipe. In addition, the friction term did not change the resonance frequency of the FSI vibration of the pipe and only slightly affected the amplitude of the FSI vibration.
When the flow rate in the pipe was 8 m/s, the Reynolds number in the pipe was 3146.4, the selection coefficient a = 0, and the radial velocity response of the pipe is as shown in Fig. 7 .
As shown in Fig. 7 , the trend of the simulation curves was consistent with the experimental curves at high Reynolds numbers, and the error between the experimental results and the simulation results of the resonance frequency was smaller than 4%. However, the trend of the simulation curves was closer to the experimental results when the friction term was taken into consideration. Therefore, at high Reynolds numbers, considering the friction term had a positive effect for improving the prediction accuracy of the FSI dynamic behavior of pipes. By comparing Fig. 6 and Fig. 7 , it can be seen that the increase in the flow rate would make the original fine frequency response characteristics more obvious (2 nd formant), but the general trend of the frequency domain characteristics would not change.
In the analysis of Section 3.1, we mentioned that the main vibration mode of the pipe corresponding to the second natural frequency (474 Hz) was non-axial vibration. Fig. 6 and Fig. 7 show that the 2 nd formant frequency (484 Hz) of the radial velocity response was close to the second natural frequency of the pipe. Therefore, we can infer that the main vibration mode of the pipe corresponding to the second natural frequency was the radial vibration.
It can be concluded from the above analysis that, with the increase in the Reynolds number, considering the frictional coupling term can effectively improve the prediction accuracy of the FSI dynamic behavior of pipes. The proposed method for correcting the fluid shear stress model under a wide range of Reynolds numbers could meet the accuracy demand of FSI vibration response analysis under different Reynolds number conditions.
C. FSI VIBRATION ANALYSIS OF PIPE UNDER LOAD CONDITIONS
In the full flight envelope, the aero hydraulic pipe is subjected to five loads: pressure, temperature, airframe deformation, vibration and acceleration. The FSI dynamic behavior is quite different from that of the condition at no-load. For the hydraulic pipe that is installed through the wing span, the most important load is the airframe deformation load.
When the airplane is in flight, the wings will be bent upward due to the distribution lift. The rib position for a typical wing deflection in C919 is shown in Fig. 8 . The pipe will deform along with the wing deflection, and the load will be exerted on the pipe as a result of the wing deflection.
In this paper, such a hydraulic pipe is supported by P-type clamps at both ends, so the airframe deformation load is produced at the end of the pipe. Therefore, the additional force caused by deformation should be considered when establishing the end boundary condition of the pipe. The simplified model of the boundary constraint at both ends is shown in Fig. 9 . The constraints at both ends of the pipe are simplified as stiffness and damping in six directions. Among them, k is the linear stiffness, t is the torsional stiffness, ζ is the linear damping, γ is the torsional damping, and the lower horn indicates the direction and position of each parameter; z = 0 indicates the initial end of the pipe, and z = L indicates the end of the pipe.
The airframe deformation load in the y direction is applied to the end of the pipe (z = L), and the additional masses at both ends are m 0 and m L . Because the process of deriving the boundary conditions at both ends of the pipe is similar and the airframe deformation is applied at the end of the pipe, only the end boundary equation of the pipe is deduced.
1) AXIAL BOUNDARY CONSTRAINTS
According to the situation that the displacement of the pipe is equal to the displacement of the fluid at the position of z = L and Newton's second law, Eq. (47) and Eq. (47) can be obtained.
The Laplace transform of the above formula is shown below.
Eq. (49) and Eq. (50) can be uniformly written in matrix form, which is shown as Eq. (51).
And
2) THE y -z PLANE BOUNDARY CONSTRAINTS
The force and moment along the y direction are balanced, so the y-z plane boundary constraints at the position of z = L can be expressed as Eq. (52) and Eq. (53)
In the formula, k yL · L d is the external force effect caused by the airframe deformation load.
Similarly, Eq. (52) and Eq. (53) can also be uniformly written in matrix form, which is shown as Eq. (54).
T xL =-t xL /s-γ xL represent the linear impedance coefficients of the z direction constraint and the angular velocity impedance coefficients of the x direction constraint moments, respectively.
3) THE x-z PLANE BOUNDARY CONSTRAINTS
Similar to the y-z plane boundary constraints, we can obtain the y-z plane boundary constraints at the position of z = L, which are shown as below.
Eq. (55) and Eq. (56) can also be uniformly written in matrix form, which is shown as Eq. (57).
4) THE TORSIONAL BOUNDARY CONSTRAINT
The moment around the z direction is balanced, so the torsional boundary constraint at the position of z = L can be expressed as Eq. (58).
Eq. (58) can also be uniformly written in matrix form, which is shown as Eq. (59).
T T zL = −t zL /s − γ zL represents the angular velocity impedance coefficient of the torsional boundary constraint.
By combining formulas (51), (54), (57) and (59), the total boundary conditions of the pipe end (z = L) can be obtained as:
After establishing the boundary conditions of the pipe end, the airframe deformation load is applied in the radial (y direction) along the pipe, and the values are: To reduce the influence of the flow fluctuation, when the flow rate is 2 m/s and the working pressure is 6 MPa, the axial velocity response at the position O of the pipe under three kinds of body deformation loads is solved, as shown in Fig. 10 .
When the pipe is subjected to the airframe deformation load, there were also five resonance peaks. Although the airframe deformation load had little influence on the resonance frequency, the amplitude of the resonance peak was proportional to the airframe deformation. Compared with the condition without airframe deformation loads, the shape of the axial velocity response curve of the pipe changed obviously, and the second and fourth formants increased significantly. This is because the direction of the vibration response of the pipe changes after being subjected to the airframe deformation load. 
V. EXPERIMENTAL RESEARCH
To verify the accuracy of the numerical simulation of FSI vibration of hydraulic pipe, an experimental rig was built, and a free modal experiment of aero hydraulic pipe and the axial velocity response test under load conditions were carried out.
A. FREE MODAL EXPERIMENT OF LIQUID FILLED PIPE
Force hammer shocking is a common method of modal experiments. Because the excitation device is not connected to the specimen, it will not bring an additional quality to the structure, so it will not affect the inherent dynamic characteristics of the specimen. To test the free mode of the pipe, the pipe was filled with 10# aero hydraulic oil and was sealed with a screw plug. The experimental pipe was mounted by means of suspension at both ends, as shown in Fig. 11 .
The time / frequency domain signal driven by the force hammer is shown in Fig. 12 . The contact time between the hammer and the pipe was very short, and the frequency spread of the baseband could reach a very high frequency, which met the needs of modal analysis.
Under the excitation of the force hammer, the axial speed response of the pipe was measured by the acceleration sensor, as shown in Fig. 13 .
In the frequency range of approximately 0-2000 Hz, there were four formants, and the corresponding four order natural frequencies are shown in Table 3 .
The error between the experimental analysis and simulation analysis was smaller than 3%, and the numerical simulation accuracy was good.
B. FSI VIBRATION EXPERIMENT OF PIPE UNDER LOAD CONDITIONS
Experimental studies under load conditions require various types of loads to be simulated by different loading equipment. The pipe installation and main experimental equipment are shown in Fig. 14 .
After the pipe was installed in the manner shown in Fig. 14-a , the rotation speed of the piston pump was fixed to 1000 r/min, and the flow rate of the regulating system was 5.66 L/min (the corresponding oil velocity was 2 m/s), and the system pressure was 6 MPa. The airframe deformation load with different values was applied at the end of the pipe by the manual linear position platform shown in Fig. 14-c , and the axial velocity response at the pipe position O was measured by the acceleration sensor. The experimental results are shown in Fig. 15 .
Under the airframe deformation load, the trend of the experimental curve and the simulation analysis curve was consistent. Compared with experimental results, simulation of the presented method achieves a good prediction with an average error of 1.7% in the resonance frequencies.
VI. CONCLUSION
The unremitting pursuit of high-speed, high-pressure and high-power-to-weight ratios of aero hydraulic systems results in the FSI vibration of aero hydraulic pipes exhibiting characteristics of a wide frequency domain and high intensity. However, the phenomenon of unstable flow at a high Reynolds number in pipes induced by high-speed fluid causes the influence of friction coupling on FSI vibration to be negligible. Taking this into account, in this paper, a hydraulic pipe that is installed through the wing span of a C919 aircraft was selected as the research object, and its fluid-structure coupled vibration 14-equation model was established considering friction coupling. The inherent vibration characteristics of the pipe and the axial vibration speed response of the pipe under airframe deformation load were solved by the transfer matrix method, and the following conclusions were obtained:
(1) The transfer matrix solution of the FSI vibration 14-equation model of aero hydraulic pipe can realize an accurate analysis of the natural vibration characteristics of the pipe and the frequency-domain response of FSI vibration under the condition of airframe deformation load, especially in the prediction of the formant frequency. In terms of the results, the experimental error is within 5%.
(2) Under the condition of a low Reynolds number, the flow state of oil in the pipe is relatively stable. At this time, the impact of friction coupling on the FSI vibration of the pipe could be ignored. However, when the Reynolds number is greater than 2320, the convection acceleration and instantaneous acceleration of the fluid will have a great impact on the fluid shear stress and then will affect the FSI vibration amplitude and resonance frequency. Therefore, in the case of a high Reynolds number, it is necessary to consider the frictional coupling effect for accurate analysis of FSI dynamic behavior.
(3) The proposed correction method of the fluid shear stress model in a wide range of Reynolds numbers can meet the demand of friction coupling analysis of aero hydraulic pipes under the conditions of low Reynolds numbers (Re < 2320) and high Reynolds number (Re > 2320).
(4) The airframe deformation is an important load for the aero hydraulic pipe that is installed through the wing span, and it has a significant effect on the FSI vibration response of the pipe. The vibration amplitude of FSI increases due to the body deformation load, and the vibration amplitude is proportional to the deformation. For the selected pipe, the radial airframe deformation load at the end of the pipe makes the second and fourth resonant peaks significantly increase; that is, the second and fourth resonant directions change from non-axial vibration to axial vibration. Therefore, in the vibration control of the aero-hydraulic pipe, which is susceptible to the airframe deformation load, it is necessary to pay attention to the change in the vibration control requirements caused by the change in the direction of the FSI vibration response of the pipe under airframe deformation loading.
(5) For the aero hydraulic pipe studied in this paper, it is supported by P-type clamps at both ends, so it is necessary to set the stiffness and damping empirical parameters of the P-type clamps in the 14-equation model, which is different from the actual P-type clamp parameters. This condition is one of the reasons why the amplitude of the experimental curve does not completely match the amplitude of the numerical analysis curve. Another reason is that the flow-structure coupling vibration amplitude of the pipe itself is small, and it is easily disturbed by the mechanical noise signal generated by the hydraulic pump station. In addition, the inverse resonance formant of the simulation curves represents the infinite stiffness of the vibration system, which is unrealizable in experiments. This limitation is the reason why there are large errors in the inverse resonance formant between the simulation results and experimental results. Therefore, the formant frequency is used as the index to evaluate the accuracy of the simulation results.
Further work will revolve around the simulation of other loads, such as the vibration, temperature and pressure, as well as the online accurate identification of pipe support parameters, to expand the application range of the FSI 14-equation model and improve the solution accuracy. 
